ABSTRACT: It has been reported that the amino acid sequences of striated and catch muscle myosin heavy chains from two scallop species (Argopecten irradians and Placopecten magellanicus) are almost identical, but that the ATPase activities between these myosins vary several-fold. These myosin sequences have been useful for identifying the region that modulates the ATPase activity of scallop myosin. In the present study, a cDNA encoding a myosin heavy chain was isolated from the mantle tissue of scallop Patinopecten yessoensis. The cDNA is composed of 6067 base pairs (bp) including an open-reading frame of 5841 p, which encodes an amino acid sequence of 1947 residues. The deduced amino acid sequence of P. yessoensis mantle myosin had a high identity of 90%, 92%, and 91% to P. magellanicus, A. irradians, and Pecten maximus striated muscle myosins, respectively. Interestingly, while the deduced amino acid sequences of around adenosine triphosphate-binding and actin-binding sites of the mantle myosin are homologous to those of A. irradians striated muscle myosin, the subfragment 2 hinge region and the non-helical tail region are similar to those of catch muscle myosin.
INTRODUCTION
Myosins of scallop striated and catch muscles have two kinds of light chains, SH-light chains and regulatory light chains. The Mg-adenosine triphosphatase (ATPase) activities of scallop myosins are triggered directly by calcium binding to the regulatory light chain, 1 and the Mg-ATPase activity is activated even in the absence of actin. 2 These unique properties have been studied extensively in scallop adductor muscles.
The amino acid sequences of A. irradians striated and catch muscle myosin heavy chains are almost identical, 3 but the actin-activated MgATPase activity of striated muscle myosin is several-fold greater than that of catch muscle myosin. 4 Similarly, the ATPase activity of striated muscle myosin from scallop P. magellanicus exceeds significantly the activity of striated muscle myosin from scallop A. irradians. 5 Perreault-Micale et al. have demonstrated that the different ATPase activities are not due to the different regulatory light chains and essential light-chain isoforms, but due to the sequence differences between the myosin heavy chains. 6 They have suggested that the differences in ATPase activities of scallop muscle myosins is a result of the flexible loop (loop-1), which is the major variable region among scallop myosin heavy chains. Although the mutational analysis of recombinant-expressed myosin is effective for investigating the essential amino acid residues in the regulation of ATPase activity, the mutational analysis of scallop myosin heavychain residues has not been reported to date. Instead, a comparison of the myosin sequences from different species and muscles of scallop may provide information about the region that modulates ATPase activity. The amino acid sequences of muscle myosin heavy chains from three scallop species have been reported; 3, [6] [7] [8] however, the amino acid sequence of myosin heavy chain from scallop P. yessoensis remains unknown, with the exception (Clontech, Palo Alto, CA, USA), PCR was carried out using the degenerate myosin primers (ATP-1 and ATP-2) 10 as shown in Table 1 , which correspond to the highly conserved amino acid sequences GESGAGKT and EAFGNAKT around the ATPbinding region of the myosin motor domain. The amplified fragments were cloned into TA-cloning vectors as described elsewhere, 9 and the DNA sequences of the clones were determined using a Dye-Deoxy terminator cycle sequencing kit and a DNA sequencer model 310 (Perkin Elmer, Pomona, CA, USA).
Construction of cDNA library
First-strand cDNA was synthesized with oligo(dT) primer from total RNA of the mantle tissue and the cDNA library was constructed using a SMART ™ cDNA Library Construction kit (Clontech) according to the instruction manual. The cDNA library was inserted into the lTriplEX2 ™ pharge vector, and then packaged with Gigapack II Gold extract (Stratagene, La Jolla, CA, USA).
Screening of cDNA encoding the mantle myosin
To select positive phage clones for scallop mantle myosin heavy chain, PCR screening was carried out using the degenerated primer pairs (i.e. ATP-1 and ATP-2). Screening was performed from approximately 3 ¥ 10 5 phage clones of the cDNA library as described elsewhere. 9 The pTriplEX2 ™ plasmid with an insert from an isolated positive clone was recovered using the in vivo excision feature of lTripleEX2 ™ vector, and of non-muscle myosin heavy chain which has been identified previously. 9 Scallop P. magellanicus and A. irradians myosin heavy chains of striated and catch muscles arise from an alternative RNA splicing of a single myosin heavy-chain gene. 3 A reverse transcriptase-polymerase chain reaction (RT-PCR) study involving alternative exon-specific primers has demonstrated that catch muscle myosin is expressed in the mantle; but there have been no reports of the complete sequence of myosin heavy chain from the mantle. Nyitray et al. have suggested that myosin heavy-chain isoforms different from those of striated and catch muscles may be expressed in tissues other than adductor muscles. 3 Therefore, we tried to isolate a cDNA encoding a muscle-type myosin heavy chain from the mantle tissue.
The complete nucleotide sequence of a cDNA encoding a myosin heavy chain from the mantle tissue of scallop P. yessoensis and its structural characteristics is presented.
MATERIALS AND METHODS

Isolation of total RNA
Total RNA were extracted from striated muscle, catch muscle, and mantle tissue, including the pallial cell layer, using guanidinium isothiocyanate, and subsequently purified.
RT-PCR of myosin heavy chain
After first-strand cDNA was synthesized from 1 mg of total RNA using modified oligo(dT) primer Table 1 Nucleotide sequences of primers for polymerase chain reaction amplification Name of primers Sequence
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nucleotide sequences of both strands of the insert were determined.
Cloning of cDNA encoding the rod of mantle myosin
For amplification of cDNA encoding the rod region of the mantle myosin, six degenerate primers (R-1s, R-2s, R-2a, R-3s, R-3a, and R-4s) were synthesized based on sequences of highly homologous rod regions among A. irradians, P. maximus, and P. magellanicus (Table 1) . Polymerase chain reactions were performed using the first-strand cDNA as a template and appropriate sets of primers (R-1s and R-1a, R-2s and R-2a, R-3s and R-3a). The amplified fragments (F2, F3, and F4) were cloned, and sequenced as described above. To analyse the remaining 3¢ region, 3¢-RACE was carried out by using an R-4s primer and an adaptor primer that was designed to match the sequence of a modified oligo(dT) primer. To confirm the nucleotide sequence, three overlapping fragments (F6, F7, and F8) were amplified with the following set of primers (R-5s and R-5a, R-6s and R-6a, R-7s and R-2a) as shown in Fig. 1 and Table 1 , and the nucleotide sequences of the fragments were determined.
RESULTS AND DISCUSSION
cDNA Cloning and primary structure of a mantle myosin heavy chain
To isolate a cDNA encoding a myosin heavy chain from scallop mantle tissue, the RT-PCR technique was performed as described above. Using degenerate primers derived from conserved sequences in the myosin head region (GESGAGKT and EAFG-NAKT), three kinds of fragments of approximately (2) demonstrated a high sequence identity to Drosophila non-muscle myosin II and Argopecten irradians striated muscle myosin, respectively; whereas the 150 bp fragments (3) and (4) showed homology to human myosin VIIA 16, 17 and Drosophila myosin I, 18 respectively. Fragment 5 did not show close similarity to any known myosins. The fragments 2 and 3 have been identified previously as non-muscle myosin II 9 and myosin VIIA-like protein, 10 respectively. Amino acid sequences corresponding to degenerate primers are presented in boxes. (b) The amino acid sequences (ST-1 and CA-1) deduced from fragments that were amplified using the same degenerate primers from total RNA of Patinopecten yessoensis striated and catch muscles were compared with the amino acid sequence from fragment 2. The ST-1 and CA-1 show a high homology to the corresponding regions of A. irradians striated and catch muscle myosins, respectively. Asterisks and dashes indicate gapped amino acids and identical amino acids, respectively.
in A. irradians mantle tissue, 3 the present study did not find the homologous sequence to catch muscle-type myosin in P. yessoensis mantle tissue. To isolate a longer cDNA clone, including the sequence of the 180 bp fragment, PCR screening was performed as described previously, and the isolated cDNA clone was subjected to DNA sequencing. The cDNA clone (named F1) obtained consisted of 3360 bp containing a 5¢ non-coding sequence and encoded a myosin motor domain and a part of the subfragment 2 (S-2) region. To isolate cDNA encoding the myosin rod region, PCR amplification was performed using appropriate sets of primers as shown in Fig. 1 and Table 1 . The amplified fragments were subcloned into TAcloning vectors and the clones subsequently obtained were named F2, F3, F4, F5, F6, and F7. The F2, F3, and F4 fragments had inserts of approximately 900 bp, 740 bp, and 890 bp, respectively, and the encoded parts of S-2 or light meromyosin (LMM). The F5 fragment contained an insert of approximately 200 bp with a 3¢ non-coding sequence and encoded the C-terminal region 210 bp, 180 bp, and 150 bp were isolated. The amount of amplified 210 bp fragment was significantly lower compared with those of 180 bp and 150 bp fragments. The sequence analysis of the 40 cloned RT-PCR products revealed that 210 bp and 150 bp fragments show homology to Drosophila non-muscle myosin II 10 and various kinds of unconventional myosins, 11 respectively (Fig. 2a) . Conversely, the amino acid sequence deduced from the 180 bp fragment is 85% and 69% identical to the corresponding sequences of scallop A. irradians striated and catch muscle myosins, 3, 7 respectively (Fig. 2b) , suggesting that the 180 bp fragment shows a higher sequence homology to striated muscle myosin than catch muscle myosin. The deduced amino acid sequences of fragments that were amplified using the same degenerate primers from the total RNA of P. yessoensis striated and catch muscles are shown in Fig. 2b . The sequence comparison shows that the 180 bp fragment is almost identical to an amplified fragment from striated muscle. Although it has been noted previously that catch muscle-type myosin is expressed 406
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Fig. 2 Locations of primers and amplified fragments that were used to determine the nucleotide sequence of
Patinopecten yessoensis mantle myosin. S-1, subfragment 1 (light gray); S-2, subfragment 2 (dark gray); LMM, light meromyosin (white). The 5¢-and 3¢ non-coding regions are symbolized by closed boxes. F1 was isolated by polymerase chain reaction screening as described in Materials and Methods. 
Y Hasegawa
of myosin. To confirm the determined nucleotide sequence, the three overlapping clones F6, F7, and F8 were also sequenced. From the sequence determinations of each fragment (F2-F7), sequence heterogeneities among the cDNA were not found. The nucleotide sequence and deduced amino acid sequence could be determined successfully (Fig. 3) . The nucleotide sequence contained 6067 bp consisting of an open-reading frame of 5841 bp, which encodes 1947 amino acids and parts of the 5¢ and 3¢ non-coding sequences. The deduced amino acid sequence contained characteristic features for ATP-binding (P-loop, switch I, and switch II) and actin-binding sites of myosin. Comparison with other scallop myosins showed that the isolated cDNA clone encodes myosin. The total DNA nucleotide sequence has been registered with the DDBJ database (accession no. AB058959).
Comparison of sequence of Patinopecten yessoensis mantle myosin with other scallop myosins
The deduced amino acid sequence of P. yessoensis mantle myosin heavy chain is 90%, 92%, and 91% identical to those of P. magellanicus, 6 A. irradians, 3, 7 and P. maximus 8 striated muscle myosin heavy chains, respectively. In contrast, the amino acid sequence of the motor domain of mantle myosin is 34% identical to that of scallop mantle non-muscle myosin, 9 suggesting that the mantle myosin is muscle-type myosin.
Nyitray et al. have identified 19 regulationsensitive residues within the head domain of A. irradians myosin heavy chain. 7 Seventeen of the 19 regulation-sensitive residues were conserved in P. yessoensis mantle myosin heavy chain (Fig. 4) . Two residues, Asp 54 and Leu 111 of A. irradians myosin, are replaced by Glu and Met in P. yessoensis mantle myosin heavy chain, respectively.
Scallop P. magellanicus and A. irradians myosin heavy chains of striated and catch muscles arise from alternative RNA splicing of a single myosin heavy chain gene. 3, 6 The deduced amino acid sequences between striated and catch muscle myosin heavy chains of A. irradians differ only in four small areas: (i) around the ATP-binding region (i.e. around the 27-50 K junction); (ii) at the putative actin-binding region; (iii) at the S-2 hinge region; and (iv) at the non-helical tail region; whereby these four areas correspond to alternative exons. In A. irradians, an alternative exon that encodes the putative actin-binding region is spliced into a minor isoform of myosin heavy chains in catch muscle. The alignment of P. yessoensis mantle myosin heavy chain with other scallop myosin heavy chains is shown in Fig. 4 . The sequences of the ATP-binding site (176-243), the actin-binding site (652-680), the S-2 hinge region (1216-1241), and the non-helical tail region of P. yessoensis mantle myosin revealed an identity of 86%, 94%, 50%, and 63% to the corresponding regions of A. irradians striated muscle myosin and an identity of 73%, 71%, 92%, and 83% to those of A. irradians catch muscle myosin, respectively. These results suggest that the sequences of the ATP-binding and actin-binding sites within the head domain are homologous to those of A. irradians striated muscle myosin, and that the S-2 hinge region and the non-helical tail region within the myosin rod are homologous to those of A. irradians catch muscle myosin.
A similar result was also obtained when the corresponding sequences of P. magellanicus myosin Fig. 4 Alignment of the mantle myosin. The deduced amino acid sequence of the mantle myosin is compared with those of Argopecten irradians (A. striate and A. catch) 3, 7 Placopecten magellanicus (P. striate and P. catch), 6 and Pecten maximus (M. striate) 8 muscle myosin heavy chains. The sequence of A. irradians catch muscle myosin heavy chain is that of a minor isoform. The regions corresponding to alternative exons of A. irradians myosin are indicated by solid lines. The amino acids reported to be sensitive to regulation are also underlined. Bars indicate gapped amino acids. 
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heavy chain were compared. The complete amino acid sequences of P. yessoensis striated and catch muscle myosin heavy chains have not yet been reported; therefore, it is unclear whether the amino acid sequences among myosin heavy chains of P. yessoensis striated muscle, catch muscle, and mantle differ only in the area around the ATPbinding region, at the putative actin-binding region, at the S-2 hinge region, and at the nonhelical tail region. However, if P. yessoensis myosin gene is alternatively spliced in the same regions as well as in the case of A. irradians myosin heavy chain gene, the sequences of the motor domain and the tail domain of mantle myosin will be similar to those of striated muscle and catch muscle myosins, respectively. The sequence variations around the ATP-binding site, at the actinbinding site, and at the S-2 hinge region is known to influence some enzymatic properties of myosin. 5, [12] [13] [14] [15] It has been suggested that the differences in ATPase activities of scallop striated and catch muscle myosins are due to the sequence variations of the flexible loop (loop-1), which is the major variable region among scallop myosin heavy chains. 12 The loop-1 sequence of P. yessoensis mantle myosin is replaced by several residues compared with those of other scallop myosin heavy chains. The loop-1 sequence of mantle myosin showed an identity of 84%, 89%, and 82% identity to those of A. irradians, P. maximus, and P. magellanicus striated muscle myosins, respectively.
It would be interesting to investigate whether the small variations within the loop-1 sequences observed among P. yessoensis mantle myosin and other scallop myosins affect actin-activated ATPase activity, as currently there is no information about the biochemical properties of mantle myosin. In addition, it remains unclear whether mantle myosin is the major myosin expressed in mantle tissue. Further investigations will be necessary to clarify this.
In conclusion, a complete nucleotide sequence of P. yessoensis mantle myosin was determined. The deduced amino acid sequence is characteristic whereby the ATP-and actin-binding sites are homologous to those of striated muscle myosin, and that the S-2 hinge region and the non-helical tail region are homologous to those of catch muscle myosin.
